Background: Susceptibility-weighted imaging (SWI) is extremely sensitive in the detection of superparamagnetic iron oxide (SPIO) nanoparticle-labeled cells. However, no study has compared molecular imaging for stem cell detection using SWI and other MRI pulse sequences. Objectives: This study aims to assess the sensitivity of SWI in detecting SPIO nanoparticle-labeled, human bone marrow-derived mesenchymal stem cells (SPIO-hMSCs) compared with that of T 2 -and T 2 *-weighted imaging (T 2 WI and T 2 *WI, respectively) in a phantom and in vivo study in rats. Materials and Methods: A phantom was prepared with various cell concentrations. In one normal rat, SPIO-hMSCs were implanted directly through burr holes into both caudate putamens, while in three rats without and six rats with photothrombotic infarction, 2.5 × 10 5 /ml SPIO-hMSCs were infused into the ipsilateral internal carotid artery (ICA). T 2 WI, T 2 *WI, and SWI findings were compared for dark regions representing SPIO-hMSCs. Results: SWI and T 2 *WI detected 15 µL of 13 SPIO-hMSCs/µL and 15 µL of 27 SPIO-hMSCs/µL in the phantom, respectively and 3 µL of 333 SPIO-hMSCs/µL and 3 µL of 167 SPIO-hMSCs/µL in the normal rat brain (direct implantation). In the normal rat brain (ICA infusion), one of the three cases showed numerous foci of dark regions dispersed throughout the brain on T 2 *WI and SWI. Dark regions surrounded the infarcts in all six infracted rat brains. The dark region was most prominent on SWI, followed by T 2 *WI and T 2 WI in all six rats (P = 0.002). Implanted SPIO-hMSCs were confirmed using Prussian blue staining. Conclusions: SWI is the most sensitive in the detection of SPIO-hMSCs, with the dark regions representing SPIO-hMSCs being more prominent on SWI than on T 2 *WI and T 2 WI.
Background
Superparamagnetic iron oxide (SPIO) nanoparticles are used as contrast agents in T 2 -weighted magnetic resonance imaging (MRI) because of their ability to decrease the T 2 relaxation time. Areas containing SPIO nanoparticles appear dark on T 2 -weighted imaging (T 2 WI) and T 2 *-weighted imaging (T 2 *WI) because SPIO nanoparticles decrease the signals originating from protons by fast proton dephasing, i.e. the susceptibility effect (1) (2) (3) . Any SPIO nanoparticle-labeled cells can be tracked by MRI (4) (5) (6) (7) (8) , which has the highest resolution among molecular imaging modalities. However, with respect to sensitivity in the detection of fewer cells, MRI is not superior to optical imaging. Therefore, cell detectability using MRI needs improvement, specifically by choosing the optimal pulse sequence. The most sensitive SPIO-labeled cell detection can be achieved by utilizing MRI pulse sequences that maximize its sensitivity to the susceptibility effect of SPIO nanoparticles, i.e. T 2 WI and T 2 *WI (9) . Susceptibility-weighted imaging (SWI) is extremely sensitive to subtle changes and offers optimal detection for SPIO-labeled cell. It involves a three-dimensional (3D), fully flow-compensated, gradient-echo sequence with a long echo time (TE) (10, 11) . However, till date, no study has compared molecular imaging for stem cell detection using SWI and that using other MRI pulse sequences (12) .
Materials and Methods

Cell Preparation and Labeling
Mesenchymal stem cells derived from human bone marrow (hMSCs; Lonza, Walkersville, MD, USA) were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, 200 mM L-glutamine, and 0.1 mg/mL gentamicin (all Invitrogen, Carlsbad, CA, USA) at 37°C in 5% CO 2 . Culture media were changed every 3-4 days, and the cells were subcultured at 80%-90% confluency. hMSCs labeling with SPIO nanoparticles was performed at approximately 80% confluency. To enable efficient internalization of SPIO nanoparticles into hMSCs, 1.5 µg/mL poly L-lysine hydrobromide (PLL; Sigma, St Louis, MO, USA) as the transfection agent and 100 µg Fe/mL SPIO nanoparticles (Feridex IV; Advanced Susceptibility Inc., Cambridge, MA, USA) were combined in culture medium and gently shaken for 60 min at room temperature on a rotating shaker. hMSCs were supplied with culture media containing the SPIO-PLL complex at a final concentration of 50 µg Fe/mL SPIO nanoparticles and 750 ng/mL PLL to ensure efficient labeling (6) . The cell cultures were kept overnight at 37°C in 5% CO 2 . Prussian blue staining was used to confirm successful and effective hMSC labeling. The cells labeled in 4-chamber slides (Lab-Tek; Electron Microscopy Science, Hatfield, PA, USA) were washed twice with phosphate-buffered saline (PBS) to remove excess unlabeled SPIO nanoparticles, fixed with 4% paraformaldehyde for 30 min, washed again, and incubated with 2% potassium ferrocyanide in 2% hydrochloric acid for 30 min. After another PBS wash, the cells were counterstained with nuclear fast red. The SPIO labeling efficiency was microscopically observed.
Cell Phantom
SPIO-hMSCs were harvested by cell dissociation reagent (TrypLE Express, Invitrogen) treatment for 5 min. SPIO-hMSCs were washed with the medium and centrifuged to obtain a 200-cell/µL concentration. To prepare cell phantoms of various concentrations, the cells were diluted to concentrations of 20, 40, 80, 120, 160, and 200 cells/µL in the medium. Furthermore, 2% agarose (Invitrogen) was prepared in distilled water. Five microliters of each cell concentration and 10 µL of 2% agarose solution were mixed in a 1:2 ratio. Cell-agarose gel lumps were prepared. To prepare the phantom, 180 µL of 2% agarose solution was poured at the bottom of the 96-well plate, the lumps were placed in the center of the agarose gel, and 120 µL of 2% agarose solution was added. Eight wells were linearly prepared, i.e. 15-µL volume lumps of only 2% agarose; 7, 13, 27, 40, 53, and 67 SPIO-hMSCs/µL; and 67 unlabeled hMSCs/µL. Phantom preparation and MR imaging (the protocol will be mentioned later) were replicated five times.
Animal Experiments
The study protocol was approved by the institutional review board (CAUMD 11-0020), and the rats were maintained as per the Institutional Animal Ethics Committee at Chung-Ang University. Before the experiment, the rats were allowed to acclimatize for a week in a room under a 12-h light/dark cycle at 21-24 °C and were fed standard rat food and tap water ad libitum. Nine male Sprague Dawley rats (Daehan Biolink, Eumseong, Korea), each weighing 250-300 g, were used.
Direct Implantation into Normal Rat Brains
SPIO-hMSC cell suspensions at two cell concentrations, i.e. 3 µL of 333 SPIO-hMSCs/µL in serum-free medium for the right brain and 3 µL of 167 SPIO-hMSCs/µL for the left brain, were loaded into a Hamilton syringe (Hamilton Co, Reno, NV, USA) with a 25-G needle. Three rats received intramuscular anesthesia with 50 mg/kg body weight Zoletil 50 (Virbac S.A, Carros, France) and 10 mg/ kg Rompun (Xylazine hydrochloride; Bayer Korea, Ansan, Korea). Rat heads were fixed in the stereotactic system (Stoelting, Wood Dale, IL, USA). The scalp skin was centrally incised and two burr holes were constructed on each side of the skull at 0.48 mm posterior to the bregma and 3.4 mm from the mid-line sagittal suture. The needle was inserted to a 6.4-mm depth into the caudate putamen using the stereotactic system. Cells were slowly injected into both caudate putamens for 3 min and the needle was kept in position for 10 min. MRI (protocol will be mentioned later) was performed after an hour. The rats were sacrificed (protocol will be mentioned later) and their brains were harvested and fixed for histopathological studies.
Internal Carotid Artery (ICA) Infusion in Normal Rats and Rat Models with Cerebral Infarction
SPIO-hMSCs were infused into the ICA of three normal rats and six rats with local brain infarction. To induce photothrombotic cerebral infarction (PTCI) (13, 14) , the rats were anesthetized with 5% isoflurane (Aerane Solution, Ilsung, Seoul, South Korea) in O 2 that was maintained with 1.5%-2% isoflurane. The rats were laid flat in the prone position with their heads fixed in the stereotactic system (Stoelting, Wood Dale, IL, USA). A midline scalp incision was placed and a fiberoptic cold light generator guide (Fiber-Lite MI-150; Dolan Jenner Co., Lancaster, SC, USA) with a 5-mm aperture was positioned on the skull, 2.5 mm right lateral to the midline and 2.5 mm posterior to the bregma. The wavelength of the light was 400-670 nm, and its color temperature was 3200°K. Following intravenous Rose Bengal (20 mg/kg; Sigma-Aldrich Co, St. Louis, MO, USA) injection through the tail vein, photoillumination was performed for 15 min, which generated free radicals from Rose Bengal, endothelial cell damage, platelet aggregation leading to microvascular thrombosis, and eventually, vessel occlusion with circumscribed cortical infarction. The scalp was sutured with 4-0 blue-nylon and the rats were allowed to recover. During this procedure, the rectal temperature was monitored using the homeothermic blanket control unit (Harvard Apparatus, Holliston, MA, USA) and maintained between 36.5°C and 37°C with a feedback-controlled heating pad. Three days following photothrombotic infarction, SPIO-hMSCs were infused into the ipsilateral right ICA. Rats were anesthetized by intramuscular injection of 100 mg/kg body weight Ketara (Ketamine hydrochloride; Yuhan, Seoul, Korea) and 10 mg/kg Rompun (Xylazine hydrochloride; Bayer Korea, Ansan, Korea). The ipsilateral carotid artery was exposed and the external carotid artery was ligated with 6-0 silk, and 2.5 × 10 5 SPIO-hMSCs were injected into ICA through the common carotid artery using a 27-G needle (Introcan Certo; B Braun Melsungen AG, Melsungen, Germany). The common carotid artery was ligated with silk and the skin was closed. After 24 h, MRI (protocol will be described later) was performed, following which the rats were sacrificed (protocol will be described later) and their brains harvested and fixed for histopathological study. 
Phantom MRI
In Vivo Rat Brain MRI
In vivo rat brain MRI was performed using a 3.0-T clinical MRI scanner (Achieva; Philips Healthcare) and the SENSE Wrist 
MRI Analysis
MR images of six PTCI rats intra-arterially infused with SPIO-hMSCs were analyzed using picture archiving and communication system (PACS; Maroview version 5.3; Marotech, Seoul, Korea). A radiologist (B.K.K) assessed successful cerebral infarction induction, occurrence of any abnormal changes due to ICA infusion of SPIO-hMSCs, and distribution of dark regions derived from SPIOhMSCs by comparing the images one by one with the stained slides. The dark regions were graded depending on the amount and pattern of distribution around each cerebral infarct. A strong and continuous distribution surrounding the cerebral infarct was graded as +++. A dark region completely surrounding the cerebral infarct, which was not remarkable or did not completely surround the cerebral infarct with remarkable amounts was graded as ++. A dark region weakly surrounding the cerebral infarct, which had a light band or did not completely surround the cerebral infarct with unremarkable amounts was graded as +. Only marks surrounding the cerebral infarct were graded as +/− and absence of marks surrounding the cerebral infarct was graded as −. Statistical analysis was performed using Pearson's chi-square test with SPSS version 12.0 (SPSS Inc., Chicago, IL, USA). A P-value less than 0.05 was considered statistically significant.
Tissue Extraction and Pathology
The rats were anesthetized by intramuscular injection of 50 mg/kg body weight Zoletil 50 (Virbac S.A) and 10 mg/kg Rompun (Bayer Korea). The rats were perfused through the heart with 200 mL of 5 U/mL heparinized physiological saline followed by 200 mL of 4% paraformaldehyde solution. Rat brains were harvested, fixed in 4% paraformaldehyde solution, and embedded with paraffin. Paraffin block sections with a 5-µm thickness were immersed in xylene and ethanol solution for deparaffinization and rehydration. Hematoxylin and eosin (HE) staining was performed. After washing with distilled water, the sections were stained in the hematoxylin and eosin solutions for 8 and 1 min, respectively. Anatomic orientation, ischemic necrosis, inflammation, and hemorrhage were evaluated. Prussian blue staining was performed for the detection of iron from SPIO nanoparticles in hMSCs. Slides were placed in a Coplin jar containing a 1:1 mixture of 2% potassium ferricyanide and 1% hydrochloric acid for 30 min at room temperature. They were then rinsed well with distilled water and counterstained with nuclear fast red (Vector Laboratories, Burlingame, CA, USA) for 5 min. Comparing the stained slides one by one with the MR images, SPIO-hMSCs were evaluated with focus on distribution.
Results
Prussian blue staining of SPIO-labeled hMSCs showed that 100% cells were labeled with SPIO without any cell damage (Figure 1 ). T 2 WI did not detect SPIO-hMSCs in the phantom, even in the highest concentration of 67 SPIOhMSCs/µL (Figure 2) . T 2 *WI showed dark regions in cell lumps of 15 µL of 27, 40, 53, and 67 SPIO-hMSCs/µL. On SWI, cell lumps of 15 µL of 13, 27, 40, 53, and 67 SPIO-hMSCs /µL showed dark regions. SWI detected a lump with a lower concentration of 13 SPIO-hMSCs/µL compared with T 2 *WI, which detected a lump of 27 SPIO-hMSCs/µL. In all the pulse sequences, lumps not containing cells (only 2% agarose) and lumps of 15 µL of 67 unlabeled hMSCs/µL did not show any dark regions. The dark regions on SWI were of an exaggerated intensity and were larger than those on T 2 *WI for the same lump.
In normal rat brain MRI, performed an hour after direct SPIO-hMSC implantation, T 2 WI did not show any dark regions (Figure 3 A) . On T 2 *WI and SWI, 3 µL of 333 SPIO-hMSCs/µL (right caudate putamen) and 3 µL of 167 SPIO-hMSCs/µL (left caudate putamen), respectively, were noted as dark regions on each brain side. The size of the dark region was bigger in 333 SPIO-hMSCs/µL than in 167 SPIO-hMSCs/µL. The dark regions in both caudate putamens were larger and more prominent on SWI than on T 2 *WI (Figure 3 A) . The implanted cells were confirmed on each side by Prussian blue staining (Figure 3 B) .
In the normal rat brain MRI performed 24 h after ICA infusion, one of the three rats (33%) showed numerous foci of dark regions dispersed throughout the brain on T 2 *WI and SWI (Figure 3 C) , while the other two did not show any dark regions. On Prussian blue staining, these foci were confirmed to be SPIO-hMSCs in the whole brain (Figure 3 D) . The foci were more prominent on SWI than onT 2 *WI; however, they were not observed on T 2 WI (Figure 3 C) . The reason for the development of these foci in both cerebral hemispheres of the rats was considered to be a patent circle of Willis. On MRI, which was obtained 24 h after ICA infusion with SPIO-hMSCs, focal and oval photothrombotic cerebral infarctions were observed in the right frontoparietal lobe in all six rats with high signal intensity on T 2 WI, T 2 *WI, and SWI (Figure 4 A and 4C ). Dark regions surrounding the cerebral infarcts were noted, which were most prominent on SWI, followed by T 2 * WI and T 2 WI in all six rats (Table 1 ) (Figure 4 A and 4C ). The trend analysis was statistically significant (P = 0.002). The dark regions occurred because of migration of SPIO-hMSCs through ICA into the surrounding infarction, i.e. engraftment (15) . Engraftment was confirmed by Prussian blue staining in all six Derived mesenchymal stem cell (SPIO-hMSC) detection using magnetic resonance imaging (MRI) 1 h after direct implantation (A) and 24 h after intra-arterial implantation (C) in the normal rat brain T 2 -weighted imaging (T2WI) does not detect SPIO-hMSCs (A, C). On T 2 *-weighted imaging (T 2 *WI) and susceptibility-weighted imaging (SWI), the dark region in the right caudate putamen implanted with 3 µL of 333 SPIO-hMSCs/µL is larger than that in the left caudate putamen implanted with 3 µL of 167 SPIOhMSCs/µL (A, squares). The dark regions are larger and more prominent on SWI than on T 2 *WI (A). On normal rat brain T 2 *WI and SWI, numerous foci of dark regions are dispersed throughout the brain (C, square), probably because the rat has a patent circle of Willis. On Prussian blue staining, the dark regions are confirmed to be SPIO-hMSCs (B, D) (magnification, × 400). rats (Figure 4 B) . Meanwhile, foci of dark regions in the ipsilateral cerebral hemisphere in two rats (33%) were distinctly observed on SWI, faintly observed on T 2 *WI, and not observed on T 2 WI (Figure 4 C) . These foci, which developed because of plugging of some small arteries by SPIO-hMSCs, were identified by Prussian blue staining (Figure 4 D) . ; not complete and unremarkable (+); only marks (+/−); and no marks (−). b Dark regions surrounding the cerebral infarcts on magnetic resonance imaging performed 24 h after intra-arterial infusion of superparamagnetic iron oxide-labeled human bone marrow-derived mesenchymal stem cells (SPIO-hMSCs) are most prominent on susceptibility-weighted imaging (SWI), followed by T 2 *-weighted imaging (T 2 *WI) and T 2 -weighted imaging (T 2 WI) in six rats. The trend analysis is statistically significant (P = 0.002).
Discussion
This phantom study comparing T 2 WI, T 2 *WI, and SWI demonstrated that SWI is the most sensitive in SPIO-hM-SC detection. T 2 WI did not detect SPIO-hMSCs in the cell concentration range used in this study. SWI detected a lump of fewer cells of 13 SPIO-hMSCs/µL compared with T 2 *WI, which detected a lump of 27 SPIO-hMSCs/µL (Figure 2) . It is difficult to compare the sensitivity obtained in this study with that in other studies because of differences in magnet strength (e.g. 4.7 T vs. 9.4 T) among individual MRI machines, in pulse sequences used for imaging (e.g. spin echo vs. gradient echo; differences in resolution), and in types of cell preparations (e.g. prepared cell number and volume). In a study using 17.6-T MRI with the gradient echo technique, the fewest cells were detected (2 µL of 50/µL, 100 cells) (16) . In another phantom study using 9.4-T and 4.7-T MRI with the same phantom and imaging parameters, 9.4-T MRI (gradient echo) was superior in detecting the SPIO-labeled neural stem cells in a concentration of 1 × 10 2 cells (volume unknown) compared with 4.7-T MRI (gradient echo), which detected cells in a concentration of 5 × 10 2 cells (volume unknown) (17) . They used 2% gelatin blocks containing SPIO-labeled neural stem cells for the phantom, similar to that used in the present study. The minimal number of cells detected was also similar to that in the present study, in which 15 µL of 27 SPIO-hMSCs/µL (400 cells) were detected on 3.0-T T 2 *WI. Meanwhile, no information is available regarding the minimum cell concentration that can be detected using SWI. In the present study, 3.0-T SWI detected 15 µL of 13 SPIO-hMSCs/µL (200 cells). SWI was used only in one of the several studies performed using MRI for molecular imaging. Cheng et al. first used the SWI pulse sequence for SPIO-hMSCs (12) . However, they did not mention the minimal cell number that can be detected using SWI. The size of the dark region derived from SPIO-hMSCs was larger on SWI than on T 2 *WI in the phantom and in the direct and ICA infusion studies of the rat brain ( Figures   2 -4) . The size of the dark regions was increased on SWI. Some reports have mentioned the increase in volume on SWI compared with that in the real sample. In the study by Mittal et al. and Babikian et al. SWI was 3-6 times more sensitive than conventional T 2 *WI in detecting the size, number, volume, and distribution of hemorrhagic lesions after cerebral injury (10, 18) . It may be easy to detect SPIO-hMSCs on SWI because of the increased intensity of dark regions.
At 24 h after ICA infusion in six rats with photothrombotic cerebral infarction, engrafted SPIO-hMSCs were detected around the cerebral infarction (6/6, 100%) on MRI ( Figure 4 ). ICA infusion is very effective in delivering stem cells to the lesion, particularly in the early phase after infusion (15, 19, 20) . T 2 WI did not detect SPIO-hMSCs observed as dark regions in other sequences. The surrounding dark regions were more prominent on SWI than on T 2 *WI. Meanwhile, SPIO-hMSCs were also detected and distributed in the whole ipsilateral normal parenchyma (2/6, 33%) ( Figure 4) (15, 21) probably because of plugging of end arteries in the cerebrum that led to infarction (Figure 3 C and 4C ). The dark regions caused by plugging of end arteries were also more distinct on SWI than on T 2 *WI. However, plugging of the end artery is suspected to be developed only in a small animal study because of the relatively small cerebral artery caliber. In humans, plugging of end arteries cannot be suspected because of the large cerebral artery caliber and some other techniques that prevent dispersed cell aggregation. The cells infused into one side of the brain are distributed to the contralateral side (Figure 3 C) probably because of a patent circle of Willis. This phenomenon is also not critical to humans because small-caliber arteries distal to the circle of Willis can be superselected.
SWI has drawbacks, such as artifacts, which are not frequent with other MRI pulse sequences (Figures 2 -4) . SWI can detect non-uniformity of local magnetic fields caused by paramagnetic and diamagnetic tissues (11, 22, 23) . Paramagnetic materials always demonstrate low signal intensity on magnitude and phase images, while diamagnetic materials demonstrate high signal intensity on phase images and low signal intensity on magnitude images (24) . Therefore, when interpreting SWI findings, paramagnetic materials that can result in dark signal artifacts, such as deoxygenated venous blood, hemorrhage, iron, and air, should be ruled out (10, 11) .
This study has limitations. First, because of the indirect detection of cells through the SPIO effect on proton relaxation, it was difficult to absolutely quantify the cell concentration (25) . Second, it was difficult to discriminate SPIO-labeled cells in areas of hemorrhage and traumatic injury because of proton dephasing effects of methemoglobin, ferritin, and hemosiderin, particularly at higher fields. There is a possibility of occasional misinterpretation of isolated dark regions because of differences in magnetic susceptibility around blood vessels and airtissue interfaces (i.e. stomach and gastrointestinal tract). Third, in the in vivo study, there was no exact correlation between MRI and the actual cell number. Researchers only know the number of infused cells and not the number of imaged cells. Fourth, the number of rats included in this study was too small. Therefore, a further study with more rats is warranted. For practical applications, the labeling of cells with SPIO nanoparticles and MRI are expected to effectively track the cells in the human (26) . Because the resolution of MR images is much lower in humans than in small animals, the most sensitive pulse sequence is undoubtedly needed. Based on this animal study, it will make human trial successful with SWI pulse sequence.
In conclusion, SWI is the most sensitive in the detection of SPIO-hMSCs compared with T 2 *WI and T 2 WI, with the dark regions representing SPIO-hMSCs being more prominent on SWI than on the other two pulse sequences.
